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АВ5ТКАСТ 


The gear or lubricating oil test instrument described incorporates 
the four square principle in its design. This basic configuration is 
improved over like devices in that loading may be varied while the 
machine is in operation and rotating seals have not been used. The 
elimination of the need for these seals allows prolonged operation at 
high speeds. The machine will be capable of operation at 10,000 RPM 
however, the first phase of operation will call for a speed of 1800 
RPM. The device has two separate and complete thermostatically control- 
led lubrication systems; this gives the option of testing lubricants in 
the main, as well as the test section. The test section is provided 
with an observation port which is easily removed to change or service 
the test gears. The rig as a whole was designed for reliability of 


operation and ease of maintenance. 
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ls Introduction. 

Man's desires and ambitions have always been far in advance of the 
materials to fulfill them. We are constantly striving to develop new 
products and techníques and to improve upon old ones. New vistas of 
exploration put increased demands on the machines we use. These demands 
have been felt in the lubrication field and much research is being con- 
ducted to combat man's old enemy, wear. The aircraft industry is parti- 
cularly anxious to learn about the effects of lubricants on gear wear; 
the effects of viscosity have been studied but the published data is 
sparse in the range of speeds and loads encountered in turbine driven 
aircraft. There is a definite need to know if surface treatments to the 
gears or new compounds may permit higher loads to be carried. All these 
things should be measured by some kind of numbers so that useful compari- 
sons may be made. /12/ 

In any research endeavor there are instruments for evaluating the 
products developed. The design described in this thesis will provide a 
reliable and relatively easy to operate instrument that will be useful in 
the study of gear wear and lubrication effects. During the first phase 
of operation the machine will be run at 1800 RPM to evaluate its perform- 
ance at loadings up to and including the initial design load of 2650 
pounds per inch of gear face width. The load will be varied over the 
entire range while the machine is in operation to calibrate and check 
the characteristics of the loading system. 

It is felt that the design of this particular machine is an improve- 


ment over other similar devices using hydraulic loading in that there are 
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no rotating seals. This feature is particularly advantageous for pro- 
longed high speed operation. 

A plan view, C403, and side view, C402, of the main assembly are 
shown to acquaint the reader with the instrument before considering the 
various sections of the thesis. The individual sections are broken down 
into the design of the main and test gear shafts, hydraulic assembly, 
lubrication systems, control and hydraulic system, and supporting struc- 
ture respectively. 

In studying the various drawings in each section, the reader will 
note that a scale is mentioned on several. In all cases the drawings in 
the material presented are photo reductions of the plans used to fabri- 
cate the various parts. The scale should not be construed to apply to 
the reproductions appearing in this thesis. 

The notation used in the formulas presented is, as far as possible, 
in accordance with the notation convention established by the American 
Society of Mechanical Engineers and the American Gear Manufacturers 
Association. In order to eliminate any confusion in this regard, all 


symbols are defined in the section in which they are used. 
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2% Design Specifications. 
The design criteria used in this project consisted of the follow- 

іп: three specifications: 

(1) The instrument must be capable of operation at speeds up 
to and including 10,000 RPM. 

(2) The instrument must be capable of handling a total gear 
tooth load of 1000 pounds. 

(3) The design must provide for start up under no load condi- 


tions and for loading to be accomplished while running. 
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3. Main Drive And Test Gear Shafts. 

Because of the corrosion resistance and the higher strength proper- 
ties of stainless steel, it was chosen as shaft material. With the ex- 
ception of the spline area the maximum diameter of the shafts is two 
inches. The various shoulder diameters were dictated by bearing fit, 
seal clearances, gear hole size and drive motor shaft diameter. The 
dimensions are noted on drawing numbers S501 and S502 and reflect the 
choice of standard commercially available components. In choosing the 
shaft bearings, the largest size bearings, consistent with the two inch 
diameter limit, were used. This was done to permit the greatest load- 
ing with the least possible bearing deformation.  Tapered roller bear- 
ings were chosen because of their reliability in carrying combined axial 
and radial loads for prolonged periods of time at high speeds. 

The test gear shaft was made with a one half inch internal bore 
over its whole length. This was done to accommodate the leads from the 
torque measuring and the dynamic tooth load strain gages. The torque 
measuring strain gages which are part of the control system, are mounted 
on the test gear shaft; and the strain gage leads are brought into the 
shaft through radial holes. These radial holes are located sufficiently 
far from the gages so that they will not influence the gage readings in 
any way. 

Both the motor' coupling and the test section gears are attached to 
the shafts with shear pins. This was done to prevent damage to the unit 
in the event of an overload. 

As a check on design the bearing loads, combined stress on the shaft, 
and the deflection of the test gear shaft Were. calculated. The maximum 
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shaft deflection is an important consideration because of the close 


tolerances placed on the shafts to affect a partial oil seal and to main- 


tain the alignment of the test section gears. All calculations were 


made using the dimensions of the test gear shaft. The symbols defined 


below are used in the calculations for this section. 


a 


Distance from the center of the helical pinion to the center of 
the drive end bearing. 
a = 3.50 in. 


Load on the drive end bearing caused by loading the helical 
pinion. 


Load on the test end bearing due to loading of the helical 
pinion. 


Distance from the center of the helical pinion to the center 
of the test end bearing. 
b = 14.40 in. 


Function of effective error and elasticity of gear materials. 
C = 250 /2/ 


Inner diameter of the test shaft. 
р, = 0.50 in. 


Outer diameter of the test gear shaft. 
0, = 1.50 in. 


Modulus of elasticity for steel. 
E = 30,000,000 psi. 


Face width of test gear. 
F = 0.375 in. 


Force required to maintain load on helical pinion. 

Polar moment of inertia. 

Numerical combined shock and fatigue factor to be applied to 
computed bending moment. 

κ. "1.5 /2/ 

Numerical combined shock and fatigue factor to be applied to 


torsional moment. 
s 1.0 /2/ 
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Stress concentration factor. 
Distance between the center of the test gear and the center 
of the test end bearing. 
L = 2.56 in. 
S 
Bending moment. 


Factor of safety. 


Radius of test gear shaft. 
R = 0.76 in. 


Radius of gear pitch circle. 
> = 2.90 in. 


Torque input to system. 


Pitch line speed. 
Vw 2730 ft/min. 


Load on gear. 


Design load on gear face. 
Wa = 1000 pounds. 


Buckingham's dynamic load. 

Tangential component of gear load. 

Correction for equivalent column stress. C = 1.03, /2/ 
Deflection of shaft. 


Design maximum allowable deflection. 
Š, = 0.001 in. 
d 
Shearing stress as a result of design load. 
Shear design stress. /2/ 
D = 22,500 psi. 


Bending stress as a result of design load. 


Normal design stress.  /2/ 
9; = 45,000 psi. 


Tooth pressure angle. 
ф = 20 degrees. 
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U/ Helix angle. 
V = 12.6 degrees. 


In figuring the effects of loading in the following calcula- 
tions, the dynamic loading as proposed by Buckingham was used. This was 
done to allow for the various inaccuracies and accompanying accelerations 


that are always present. The dynamic loading is 


0.05v (FC + W_) 
d n 0.05v. + (РС + W.) 


(.05) (2730) ((. 375) (250) + (1000) ] Y 
= (1000) + (.05)(2730) + [(.375)(250) + (1000) ] 


= 1880 pounds. 
Using the value of dynamic load the tangential force and the applied 

torque are 

‘= W cos f$ = (1880#)(0.939) = 1765 pounds 

T = T = (1765#)(2.90IN) = 5120 pound inches. 
The torque imparted to the shafts by the test section gears is the same 
as that from the loading gears. Using this torque the force required to 
load the gears is 

Fi - W tany = (1765#)(0.222) = 392 pounds. 
This also represents the maximum thrust load on the bearings. The 
maximum allowable thrust load is 990 pounds which produces a factor of 
safety of 3.96 in the axial direction. The radial bearing loads may be 
found by summing the moments around each bearing. Taking the sum of the 
moments around the test end bearing gives a drive end bearing radial 
load of 

NUN - B(a * b) + W (b - 1.) = 0 
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τ ΕΙΚ + W (b - 1.) 


(a + b) 


_ (392%) (2.91М) + (1880#) (16.4018 - 2.561Ν) 
(3.5014 + 14.40IN) 


1300 pounds. 


The radial load on the test end bearing is 


Ε.Β - Wa - W (a + b + L.) + Bla + b) 


lp d 
кү. W (2a +b + L.) - F R 


(a + b) 


= (1880#)(7IN + 14.4IN + 2.56IN) - (392#)(2.9IN) 
(3.5IN + 14.4IN) 


= 2440 pounds. 

This loading is higher than that recommended for the design speed. It 
must be remembered that the effect of loading above the limit set by the 
manufacturer is a reduction of bearing life. These particular bearings 
have an expected life of 1220 hours at 10,000 RPM. The life and load 
rating increase as operating speed is reduced. Since dynamic loading is 
not a steady phenomena and the value represents a maximum reached periodi- 
cally, it would not be fair to evaluate bearing life from this factor a- 
lone. Also it is noted that Buckingham's equation is conservative and at 
reduced speeds the dynamic effects are less severe. In view of the load- 
ings imposed, an extreme pressure lubricant will be used in the main 
lubrication system. 

Having established that the bearing loads are within acceptable limits 
the next step is the determination of the maximum stress in the shaft. 
The maximum stress will occur just outside of the end bearing and con- 


sists of a torsional and bending moment component. 
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The moment of inertia at this point is 


4 4 
| e Os 1416) (1.5 - 0:5) 
32 (32) 
' 4 
- 0.492 inches . 


The torsional shear stress is 


K TR 
Τ- -ἕ---- (1.2 CLOMID insu г рыз! 
(0.492 IN") 


The bending moment is found from 
М = Wal, = (1880#)(2.56IN) = 4800 pound inches. 
This gives a bending stress of 
t 


X (2) (4800f IN) (0.751N) (1.65) h 
J (0.492 IN) 24,300 psi. 


When considering the effects of fatigue and reversed bending in the design 


с = 





of a rotating shaft the ASME code specifies the use of the maximum shear 


stress theory. Solving /2/ 


2 по Эні: 
»- 16 Es (KT) + (KM + exF,D (1 * D;/D-) 
TMA - 03/0) 8 


ш 16 | (1.07) (51207) 
o ^ (22500) (3.1416) (1 - .527D5) 


+ {(1.5) (4800) + (1.03)(392)D (1 + Sm І 
(8) 


for the value of D. yields a value of 1.27 inches. This is less than the 
dimension used so that an even greater margin of safety than the above 


theory gives is achieved. 
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The last item to check is the shaft deflection and verify that it 


is less than the allowable deflection of 0.001 inches. The deflection of 
the shaft is made up of three components and the solution will be done 


by superposition. First, the load acting between the two supports will 





Figure 3.1 


cause a slope at the right end. 


wal” - а?) 
1" З1ЕЗ 


_ (1880) (3.5) (17.92 - 3.52) 


(3) (17.9) (30 х106) (.492) 


.00256 radians. 
This in turn leads to a deflection of 
&, = ГӨ, = ,00655 inches which acts upward. 
The load on the right has two effects; the first is that of a tip load 
on a cantelever beam and is 


мі З 3 


S _ “as . (2)(1880)(2.567) 
“Я (3) (30 x 109) (.492) 


z 0.00152 inches. 
This load also produces a couple at the right hand support which gives 


an angle of 


2W L 1 
SN ds 


s “d s  _ (2)(1880) (2.56) 17.9) 
Є 4, El 


(3)(30 x 10°) (.492) 
= 0.00190 radians. 

This leads to a second downward deflection of 
б 


This produces a net deflection of 0.00015 inches which is acceptable 


= LO, - 0.0049 inches 


and the design is complete. 


The two shaft drawings are presented on the following pages. 
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4, Hydraulic Assembly. 

The machíne is loaded by an annular shaped hydraulic cylinder that 
straddles the drive shaft. The system is somewhat unique in that the 
piston is fixed and the cylinder moves. The piston rods are utilized to 
supply the fluid to both sides of the piston. Note in the assembly draw- 
ing, C401, that one of the rods shown is hollow and that the other has a 
hole terminating in the flange before the piston. This system of fluid 
supply was employed in order to eliminate any hoses or moving fittings 
from the main drive section. 

The assembly is supported on one end by the six piston rods which 
are attached to the bearing hanger block B202, and on the other end by 
the helical pinion, G/02. Support is also realized from the ram, H101, 
which rides directly on the drive shaft, S501. The ram must move axial- 
ly during loading and unloading which presented a lubrication problem. 
Although oil is supplied directly to the ram bearing there is no way of 
ascertaining if a sufficient amount of this oil is available to lubri- 
cate the ram. The solution was the application of a teflon coating to 
the inner surface of the ram that rides on the shaft. 

When the design was started the machine was to have had a four inch 
center to center distance for the shafts, and the hydraulic assembly was 
designed accordingly. After most of the parts had been fabricated this 
distance was increased to 5.800 inches. The only benefit to be derived 
from a larger cylinder would be lower pressure requirements for the sys- 
tem. The pressure needs are not sufficient to warrant a change in exist- 


ing hardware. 
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While not shown in the drawings, the ram nut, H111, and the end 
member nut, H109, are secured with set screws. These nuts allow for ad- 
justments to be made to the ram bearing and simplify the assembly of the 
unit. 

Table I presents a tabulation of the groove data for the "0" rings 
and provides an amplification of the dimensions and instructions set 
forth in the individual part drawings. 

The inner wall, H105, and the outer wall, H104, were provided with 
a tapered entrance to facilitate the insertion of the piston and cover 
plate without damaging the "O" rings. It was not realized until after 
the inner wall and end member, H110, were welded together that they 
could have been made as one piece. This would, I feel, have resulted 
in a better design. 

Using the design load the maximum pressure requirements for the 
system are developed. The following are the symbols used in the calcula- 
tions for this section. 

А Area of the piston. 


A Reduced area of the piston due to the interference of the 
piston rods. 


D Outer diameter of the piston. 


° Dp «4,87 in. 
о 
D, Inner diameter of the piston. 
D = 3.00 in. 
8 
d Diameter of the piston rod. 
d = 0.498 in. 
Fi Force required to move the helical pinion axially. 
P Pressure required to attain desired loading. 
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W Tangentíal component of design load on helical pinion face. 


W Design load on gears. 
5 JF = 1000 pounds. 


SF биш ОЁ the forces in the "x" direction. 
ZF, Sum of the forces in the "y" direction. 


(M Coefficient of friction. 
ja 7 0.15 /2/ 


Ш Helix angle. 
YI = 12.6 degrees 


Figure 4.1 
Using the above diagram as a reference, the axial force required 

to load the mechanism to the design point was determined. Summing the 
forces in the "y" direction gives 

ZF, з 0 

М. + W sin - W cosy = 0 
Ww. W (cos Yy -A siny ) 
(10007) (0.936 - (.15)(0.351)) - 8844. 


Taking the sum of the forces in the "x" direction and solving for the 


force Fi results in a value of 


Р] “АМ. ЗАМ сов ў - W siny = 0 
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Fi = (0.15)(884) + (.15) (1000) (.936) -- (1000) (.351) 
Ξ 624 pounds. 
Before calculating the required system pressure, the piston area and the 


reduced area due to rod interference must be determined. They are respec- 


tively 
2 2 
1000 - 0) (з.14) (4.872 - 3.002 
р 4 (4) 
ιν 
бс; Ane ad 14) 09985) 
Δ΄ i (4) 
« 10.41 in^, 


With these areas the pressure required to affect loading may be found. 
Two pressures were calculated because, as will be explained in the con- 
trol and hydraulic system portion of the design, the machine may be 
loaded in either direction. The normal mode pressure is given first; 
the two pressures are 


pa EL. (624 
А (11.58 IN?) 


p 
_ FE , (6244) L 
Ps A (10.41 IN2) ^" ??-? Psi. 


The following thirteen pages are devoted to the drawings for this 


= 54% psi. 


section. 
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BREAK CORNERS 





PISTON τα END PLATE | END PLATE |END PLATE 
OUTER | INNER (OUTER | INNER | ROD 
GROOVE | GROOVE {GROOVE (GROOVE | | GROOVE 


















BE зно || τ ΜΙ 
DIAMETER "O" RING]  .210 „210 „210 Е .210 | ‚103 
CROSS SECTION, W 
TOLERANCE + ,005 005 | +.003 
GROOVE DEPTH, F .173 73 .090 
TOLERANCE 4 4000 + „ OOO + ООО 
_7.00L {| τοι — | -.001 
GROOVE LENGTH, б „280 „280 mire 
TOLERANCE +,005 +.005 + ,005 
2050 2050 ) „О2О 
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98 Lubrication Systems. 

There are two separate lubrication systems provided in the design. 
The main system serves the helical gears, and the five tapered roller 
bearings; the test system provides lubricant solely to the test gears. 
Both heaters and an oil cooler are utilized. The heaters are provided 
mainly to heat the fluid to the testing temperature before the machine 
is started. They also aid in keeping the fluid temperature constant 
while testing is in progress. The heat exchangers remove the heat gain- 
ed by the fluid in lubricating the gears and bearings and thus maintain 
a uniform supply temperature. 

Both systems are thermostatically controlled over an operating 
range of 80°F to 250°F. The upper limit is set by the maximum operating 
temperature of the pumps. If it is desired to conduct tests at tempera- 
tures above 250°F heaters may be added between the pump discharge and 
the nozzles in the test section. The main drive section was thermostat- 
ed so that it could be used as an auxiliary test section if desired. 

Most of the lubricating system components are located on a lower 
platform about two feet below the main assembly. The pumps and sump 
tanks are easily accessible on a sliding plate which forms the lower 
platform of the base structure. 

The fluid heaters which are of the emersion type, and the thermo- 
stat sensing bulbs are located in the sump tanks of each system. 

Iverson recommends that the sumps be of large capacity so that an even 
temperature distribution may be achieved without an elaborate control 


network. /10/ The large capacity will also be needed in the main 
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system when a step up in speed is attempted. This is because the gear 
box to step up the drive shaft speed is lubricated by the main system. 
Ryder states that sufficient oil to carry away 60,000 BTU/HR is re- 
quired when operating at 10,000 RPM with a drive power of from forty to 
fifty horsepower. /13/ Because of the future needs of the cooling system, 
the heat exchangers that are installed have a greater capacity than that 
required for the initial phase of operation. /7/ 

The system design is not complex yet affords a good deal of flex- 
ability. During the lubricant warm up period the fluid may be circulat- 
ed in the bypass lines which will ensure flow around the heaters and pro- 
vide for more even heating in the tank. Flow to the machine may be 
regulated precisely by the two needle valves located in the main and 
bypass lines. A relief valve is included as a safety feature to protect 
the system in the event of component failure or human error in operating 
the controls. 

The system constants are tabulated in Table II, and the system para- 
meters are listed in Table III. The following symbols are used in the 
calculations for this section. The values given with the symbols will 
be for the main lubrication system. 

À Required surface area for cooling. 

Ar Surface area of sump tank. 

C Capacity of sump tank. 


€ Specific heat of stainless.steel. 
Роб с : = 0.110 BTU/#°F /3/ 


SS 
С " ‘Specific heat of lubricating oil. 
Poil c = 0.509 BTU/#°F /3/ 

Poil 


44 


h' 


SS 


Oil 


£* 


011 


а 


AT 


Power absorbed by lubricant. 
Е = 4.50 НР /13/ 


Height of sump tank. 
h = 6.0 in. 


Height of fluid in tank. 
h' = 5.0 in. 


Log Mean Temperature Difference. 
ІМТ” = 112 /7/ 


Heat loss from surface of sump tank. 


Le =: 406 watt hours. /11/ 


Length of sump tank. 
1 = 23.0 in. 


Killowatt hours required for initial heating of lubricating 
fluid. 


Heater power. 
Di. 5000 watts. /11/ 


Time to heat fluid to operating temperature. 


Thickness of tank material. 
t = 0.062 in. 


Overall heat transfer coefficient. 
U, * 100 BTU/HR FT2°F /7/ 


Volume of the metal making up sump tank. 
Liquid volume of sump tank. 


Width of the sump tank. 
w= 10.0 in. 


Weight of the sump tank. 
Weight of lubricating fluid in tank. 


Flow rate of lubricating oil. 
o11 7 1.0 GM /8/ 

Flow rate of water through heat exchanger. 
Wy = 4.0 GPM /7/ 


Change in temperature between ambient and operating 
conditions. 
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Change in the temperature of the lubricating fluid 
passing through the heat exchanger. 


AT 
ат; Change in the temperature of the water passing through 
the heat exchanger. 


Р Density of lubricating fluid. 
P = 53.19 #/ft3. /3/ 


Vice Density of the stainless steel tank material. 
Re = 480 #/£t? /15/ 


As a preliminary to the heater requirements and the-heat exchanger 
calculations, the sump tank volume, capacity, weight, and surface area 
plus the weight of the fluid in tank must be computed. They are respec- 


tively 


vi. (10 IN)(6 mos IV . 800 ве? 
(1728 IN” /FT”) 


с = 1.4891 _ (7.481 GAL/FT?) (10 ІМ) (5 IN)(23 IN) 


1728 (1728 тм /FT^) 


= 5.0 gallons 


е 2 Раве { wh + wl + ві) 
1728 


(2) (4808 /FT^) (.062IN) (9) (6) + (10)(23) + (6) (23) 


(1728 IN’ /FT°) 


16.0 pounds 


_ [2% + 21h + 1w] 
T 144 


_ (2) (LOIN) (61N) + (2) (23IN)(6IN) + (1OIN) (23IN) 


(144 тм /ғт2) 


4.36 ft 
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w 


3 
0117 С AN , (5.0 GAL 53.194 /FT ) _ 36; рабы. 


7.481 (7.481 GAL/FT2) 

To determine the energy required to heat the fluid an operating 
temperature of 176?F and an average ambient temperature of 70°F were 
assumed. This results in a AT, of 106°F and the kilowatt:. hours for 


initial heating are /11/ 


q = “oi1°p 011 Tg T+ “ss°pss TH + Is 
3412 1000 


, (36.2) (.479) (106)  (16.0)(.110)0106) , (406) 
(3412) (1000) 


1.001 KW HRS. 

From this value a heater was selected that would heat the fluid in less 
than thirty minutes. This time was considered the maximum allowable, 

and corresponds roughly to the time it might take to prepare for an experi- 
mental run. Ву choosing one 2.5 kilowatt heater the fluid will be heated 


in 


- 600 B (60 MIN/HR)(1.001 KW HRS) 7 
T Q. (2.5 КЫ) 24 min. 


It is noted at this point that the test system time is shorter even 

though AT, was greater. Twice as much power was used to heat the test 

fluid which more than compensated for the higher AT,. The greater tempera- 

ture difference stemmed from using the maximum allowable temperature of 

250°F as the operating point in figuring ат). 
The heat exchanger calculations were made assuming that the input 


power of 7.5 horsepower would be given up as heat to the oil. It was 


further assumed that the main section would absorb 4.5 horsepower and 
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that the remainder would be absorbed by the test system. The heat ex- 
changers that were selected have a higher capacity than is needed initial- 
ly. This is in anticipation of future needs and means only that the 
water flow rate must be increased when the input power is increased. 

The first step is the determination of the temperature rise in the 
oil in the main assembly. This will then be the number of degrees that 


must be dropped across the exchanger. The temperature drop is 


E 


AT. = y 


L? ο 
Oil Poil 


. (4. 5HP) (7.48 CAL/FT^) (2545BTU/HP HR) 


(1GAL/MIN) (60MIN/HR) (.479BTU/# F)(53.19#/FT”) 


55 E. 
Assuming a cooling water flow rate of four gallons per minute, which is 
the minimum flow rate for the type of heat exchanger used, gives a change 


in water temperature of /7/ 


x cae 

AT, = 500% 
. (A4.5HP)(2545BTU/HP HR) _ ¢ gop 
(500) (4.0GAL/MIN) a i 


With these two temperature differences the LMTD for a counterflow heat 
exchanger may be determined from tabulated values. /7/ With this value 
of 112 the area required may be found and a suitable heat exchanger chosen. 


The required heat transfer surface is 


A= E „ (4.5HP)(2545BTU/HP HR) 
(IMTD)U,, (112) (LOOBTU/HR FT°F) 
= 1.02ft2, 


The lubrication system data, block diagram, and component drawings 


are presented on the next eleven pages. 


48 


011 


CONSTANTS USED IN LUBRICATION SYSTEM DESIGN 


MAIN SYSTEM 


4.360 
5.000 
0.110 
0.479 
4.500 
4.000 
1.000 
436 
2500 
106 
275 
0.800 
0.036 
16.0 


36.2 


TABLE II 


TEST SYSTEM 
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4.360 
5.000 
0.110 
0.479 
3.000 
4.000 
0.600 
436 
5000 
195 
275 
0.800 
0.036 
16.0 


36.2 


UNITS 
Рт? 
GALLONS 
BTU/#°F 
BTU/#°F 
HP 

GPM 

GPM 
WATT HOURS 
WATTS 

°F 
BTU/HR-FT^* 


ЕТ? 


ЕТ? 


Е 


POUNDS 


POUNDS 


LUBRICATION SYSTEM PARAMETERS 


MAIN SYSTEM 
3.70 
112 
24 
1.029 
55.0 


6.0 


TABLE III 
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TEST SYSTEM 
2.50 
115 
18 
1.576 
60.0 


4.0 
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6. Control and Hydraulic System. 

In any control scheme for loading and unloading this type of device, 
some method must be used to indicate position as a function of load. The 
total load is proportional to both the torque on the shaft and the axial 
position of the helical pinion relative to the zero load point. While 
it is entirely possible to measure the axial movement of the pinion and 
equate this information to loading, the use of strain gages to measure 
torque provides a more direct and useful method to affect control. 

Two ninety degree strain gage rosettes are bonded to the shaft as 
shown in Table IV. The leads from the gages are lead to radial holes two 
inches from the gages and into the middle of the test gear shaft. From 
the center of the shaft they are run to a slip ring assembly on the end 
of the shaft. The circuit is completed as is shown in the second diagram 
of Table IV. This arrangement results in automatic temperature compensa- 
tion and elimination of the effects of axial and bending strains, as well 
as minimizing inaccuracies due to contact resistance variations. /6/ 

If left uncovered these gages would be subjected to oil at high 
temperatures and for this reason must be covered with a protective coat- 
ing. Because of their position on the shaft, the insulation must be able 
to withstand the forces caused by rotation, be flexible under torque loads, 
and act as a barrier to the heat in the oil. To meet these requirements 
a silicone rubber compound was chosen. In addition to meeting the above 
listed conditions it resists attack from oils and chemicals, absorbs shock 
and vibration and is easy to apply. The properties of the particular 


compound that was chosen are listed in Table V. 
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Table VI provides loading, position and indicator reading correspond- 
ing to load information. A type "М" indicator may be used to indicate 
loading by adding the tabulated value for the desired loading to the 
zero reading of the meter. Actual loading is accomplished by regulating 
the pressure on the piston by adjusting the needle valve controls with the 
directional valve in the desired position. 

The hydraulic system allows for very fine control of the loading but 
does so with a minimum number of components. An unloading as well as a 
loading cylinder is needed because although the system will tend to un- 
load by itself, friction is still present and will prevent the complete 
self unloading. This two way motion could also be used to load in the 
opposite direction with the motor reversed. This mode of operation would 
necessitate the zero position of the helical pinion being shifted to the 
center of the drive gear instead of on one end. This two way mode of 
operation provides another good reason for strain gages to be employed in- 
stead of a position indicator in the control scheme. 

The pump unit chosen has a maximum capacity of one tenth of a 
gallon of fluid per minute, and a maximum pressure of eight hundred pounds 
Per square inch which is well within the safe load carrying capacity of 
the tubing and fittings. The low flow rate is desirable for this type of 
loading and the high pressure will allow for any conceivable loadings 
that may be attempted. The characteristics of the system components 
are listed in Table VII. 

In using the control system and in planning the design, strain read- 


ings and pinion displacement information are required. The calculations 
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that follow are for the design load using a 0.375 inch face width test 


gear. 


р 


Ü 


The following symbols are used in the calculations for this section. 


Inner diameter of the test shaft. 


D, z 0.50 in. 


Outer diameter of test shaft. 
D. з 2,00 іп. 


Gage factor of the load indicating strain gages. 
F = 2.06 


Shear modulus. 
G = 12,000,000 psi. /15/ 


Polar moment of inertia of the test gear shaft. 


Transverse sensitivity factor of the gages. 
K = 0.002 


Axial displacement of pinion from reference. 


Distance between helical gear and test gear. 
L. = 15.0 in. 


Pitch radius of gear. 
5. = 2,90 іп. 


Arc length displaced. 


Full load torque on the system. 
Т = 2900 pound in. 


Helix angle. 
YW = 12.6 degrees 


Angle of rotation of one end of the shaft with respect 
to the opposite end. 


Shear strain. 


The values found in Table VI were the result of a digital computer 


program using FORTRAN 60 language. The formulas for the printed data 


are exhibited below. Since the strain gages are mounted on the two 


inch outside diameter portion of the test gear shaft the first value 


needed is the polar moment of inertia which is 
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7 З) . (3.14 2 „отм“ - 0. 5IN*) 
32 (32) 


- 1.565 ём”. 

Then the strain due to design load is 
X = —9 з (2900 # D) I) , 
2JG  (2)(1.565IN*) (12 x 10 PSI) 

= 155 p in/in. 
If a type "N" strain gage indicator is used as planned, the gage factor, 
F, will be set in and therefore will not appear in the calculations. 
À four gage bridge will mean amplified strain readings and thus strain 
will not be read directly. The reading is also corrected for the trans- 
verse sensitivity of the gages themselves however, in this case the cor- 


rection is negligible. The indicator reading at full load will be /6/ 


“л 4 Y 4, (43055). 
Reading (lE (1x .002) ^ 619 volts. 


In determining the axial movement of the helical pinion the total angu- 


lar rotation of the shaft is found to be 


ϕ - TL, (2900 $ IN)(15 IN 
GJ - (12 х 1004/12) (1.565 IN*) 


23.2 x 107“ radians. 


This gives a corresponding arc length of 


20R, z (23.2 x 107^) (2) (2.9 IN) 


136 x i in. 


Which results in a final theoretical pinion displacement of 


-4 
_ бс _. (136 x10 IN) _ 
"ay 716.2235 " 0.0601 in. 
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This is a rather small dísplacement and might tempt one to use a smaller 
helix angle. If much smaller an angle is chosen the self unloading 
feature will be lost which is not desirable. Actually because of bearing 
play and backlash the true displacement will be somewhere between an 
eighth and a quarter of an inch. /10/ 

On the following five pages are found the system block diagram, 
strain gage circuit data, silicone compound characteristics, loading 


data, and hydraulic systems components list. 
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| TABLE IV 
ў, STRAIN GAGE CIRCUIT DATA 


m - 
А ы 5 





STRAIN GAGE MATRIX bi = 3 

1 2 3 В 23% 2 3 kh 
Flo O O O|x-1 -1 -1|=| O 0 ο 
Ένα 2-1 1] (1 1 1] [о і о 
гара й ад] [1-1 1] [о O O 
Мх [0 O 0 0||1 1-1] [о о о 
My|k к к К шо ο 
Mz|1-1-1 1| goose 


To measure torque about the z axis gages 1 and + аге 


opposite each other in the strain gage bridge. 


STATIONARY 


ROTATING 


— 
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TABLE У 


CHARACTERISTICS OF SILICONE COMPOUND 


COLOR 
SPECIFIC GRAVITY 


HARDNESS 
SHORE A DUROMETER 


TENSILE STRENGTH ----------------------- 


ELONGATION 
BRITTLE POINT 


LINEAR SHRINKAGE 
THERMAL CONDUCTIVITY ----------------------- 


COEFFICIENT OF 
THERMAL EXPANSION 


DIELECTRIC STRENGTH 


em um а. эа с» ара, о а о р ар «р с рар ра» аю 


DIELECTRIC CONSTANT 
@ 60 CPS 


DISSIPATION FaCTOR 
@ 60 CPS 


VOLUME RESISTIVITY 


MAXIMUM TEMPERATURE δᾱ----------------------- 
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RED 
1.07 
33 


350 PSI 
400 б 


-90 °F 


1% 
‚12 BTU-FT/HR FT??F 
15x10? IN/IN 


500 VOLTS/MIL 
2.8 


©0026 


3 X101? oHw-CM 
600 °F 


TABLE VI 
LOADING AND METER DATA 
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TABLE VII 
HYDRAULIC SYSTEM COMPONENTS | 


Sue CAPACITY $= Same@ece 3 GALLONS 
POP αρ a senna 0.1 GAL/MIN, 1725 RPM 

O - 500 POUNDS/INCH? 
MOTOR GHARACTERISTICS ~~..........- 1/6 HP/1725 RPM 

115 VOLT/60 CYCLE 
RELIEF VALVE PRESSURE ------------- 360 POUNDS/INCH? 
CONTROL VALVE j= --.--------9- NEEDLE TYPE, 20 TURNS 

FULL OPEN - FULL CLOSE 
ВБИ ЛЕШЕ, ov a еван NEEDLE TYPE, 20 TURNS 

FULL OPEN - FULL CLOSE 
звай ЎШ ЕЕ FOUR VAY, CENTER BYPASS 
IR c rec MEE ees WIRE CLOTH TYPE 

25 MICRON 
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Кш a n "ит эли "μμ. «сара бра a sn rFTY . Rn 


rm Base And Supporting Structure. 

The base assembly consists of two eighteen inch "I" beams each ten 
feet in length, welded to quarter inch steel plates that are bolted to 
rubber insulated concrete pads. The two beams provide a surface for an 
upper and lower platform to which the various system components are at- 
tached. The lower platform is composed of two sliding sections; this 
provides for ease of maintenance. The sump tanks and pump-motor combina- 
tion for the lubrication and hydraulic systems are mounted on this lower 
platform. Both the lower platform,and upper are made of one inch aluminum 
plate. It serves as a base for the test machine, drive motor, instrument 
panel and the two heat exchangers. These last items are mounted on the 
underside of the table directly below the oil pan drains. 

The base plate, B204, is bolted and pinned directly to the table; 
it is fabricated from one inch steel plate. The bearing hangers, B202 
and B203, are attached to the base plate with pins and screws. At first 
glance the hangers appear oversize but because of the large twist in- 
herent in using the four square principle their beefiness is highly 
desirable. Besides resisting twisting they also serve as an anchor and 
support for the hydraulic assembly and are a housing for the bearing ad- 
justers, B201. Rather than mount the bearings in a rigid frame it was 
decided that a means of com»ensating for expansion and load effects 
should be provided. Aside from the obvious benefits of adjustment dur- 
ing operation, the adjusters allowed for a relaxation of the tolerances 
on the shafts, base plate and bearing hangers. In the part drawings the 


hangers appear as one piece, however they are a two piece assembly. The 
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base and main section were pinned and screwed together. This was done 
to save on material and simplify fabrication. The recessed grooves near 
the base are for the oil pans, L301 and L302. To ensure a complete seal 
silicone rubber splash flaps are installed above, and extending into the 
pans. They are held in place by the same silicone compound used before 
to protect the strain gages. To ensure complete isolation of the two 
sections a 1/32 inch thick silicone rubber gasket is employed at all 
metal junctions. 

The sides, B206 and B207, and the top, B208, are fabricated from one 
quarter inch stainless steel plate. This was chosen for both strength 
and cosmetic reasons. 

The combination view and access port, B209, is made of pyrex 
which will withstand the splash effects of the hot oil. 

A two by three foot aluminum control panel is mounted on brackets 
that are screwed to the upper platform. The brackets are made up from 
angle iron using welded construction. All switches, controls, valves 
and meters are mounted on this panel and marked with tape labels. 

The following thirteen pages contain the various drawings for this 


section. 


71 


61 НЭЧУЙ LT 
DHT: A9 NMVuO 
L XIYAd | TWVIXJLYW 
"o. 1409 ^3lA 
6028 ὋΝ “эма. 
ЗІУЭ 'A3334NOH... 
j00H26 31vnüvuo1sOd TvAVN ^S ‘N 








ny 












4313WVIG „и S310H TW І 


ost oot Foot Hos 


72 








99bI `833 Ç] 


M :AG  NA^VHO 


3215 "103 -IWA 

13319 :7v!u 31V 
w34cnrav owiBV3g 
TOFS ‘ON '9^8 
VINHOJITVO "АЗУЗІМОМРІ 
ILVNAVHOLSOd ἽΝΑΥΝ Ὃ “ϱ 









пооноб 


v Aun 
- Cere, м 


$008 — 








212: / GTZ ніамм "9271/16/11 Y313WNVIG 3A0039 I 


М2-3МПО2-6©@ AVIYHL I 


. egv'€ 

ТУТ С | 
OSL'€ 
a 952° 


969°! 
gb*'! 


73 


e 


wg... 


кн 


“ч. 


-- 


at 99bl 933 СІ 
EN eem Y "ΝΜ; * A8 NAVMO 
“2215 1103: З1у96 
73315 : тчінЗічы 
CN3 15341'439NVH  9NIMV39 
2024 ‘ON “MANO 
VINHOJITVO. A3JU3NOW 
1OOHOS 341VnOwuo9LSOd IVAN SN 


Obb TI 
уугу 


Y 





ادات 8 فاد کا PO a o‏ 4 الام ١۰ء‏ 





4330 әл ЛЗАЗӘ r KI 

$310H JO 9NIQ9VdS .* 'S1108 .*€ UOJ SIH Ш 

5 ΟἼἼΟΗ 40 9NIOv4S .2 'H1d32.,.1 'g2- 3мпзг- м П 

.% JO H1d30 V OLYT BYOBNILNNOD “SINOH «и 030ч45 АПІУПОЗ 9 І 


e 
а? 
К 
N 
“а 
e 
“ 


















\ от `Ө34 ©? 
MEE eM mY ‘AÛ NBG 
Yo xr 11141305 
13345: IWINILVW 
YIONWA SNIJ3V3q 
I сота ‘ON ‘240 
VINHMO3ITvVO. A 39931 NOW 
VION 3í1vn0Vv421SOd VAN $f 





о 
000'21 


a nep um E 





БИЕ ттерге ١ 


II JLON 


4330 .* 33A39 сь Ж 


(NMOHS 10м) OV3H MINS 3м03 ЗОІЛОН4 01 33094331NhOD2 'S1108 Ae ЧОЗ SIKH M 
н1930 .1 'u2- 4νῃ8ΐ- “Ἢ X 


(^3IA 3015 NI NAOHS LON S0v3sH1) V2-3NQOC - 9€ I 





` 


75 


e 


Aer ы | 


3ZIS 31vH : Э1У25 
713346 :7WwI13y34vM 
31۷14 9 
гог“ ‘ON ома 
ἍΓιν A3331NOI 
100925 ЗІУПОУУӘ1 60а ПУЛУМ 


AM s - 





“a. и «e ЗО ΗΙ 4Ο У 01.У«ч ЗчОанзімоо2о S$310H з IT 
8:- ЗМОПФо- Ус ОЗОЧ3зні бЗЗОН ЗУ І 









76 


e 








#967 HOMUVW* 
гг τ де Ммуча 
13345 : 1VI33.L VW 
NOILO3S LS31 GN3 

5058 “ом “эма 
JY "A3N3.LNOI 
-3ooH9s 31Vnavso1SOd ПУЛУМ °$ N 












$/39J28S N33A^.138 SN!OSVdS ,+ “SAA383S 
ау? 86 HOJ S3]OH 32NVMV312 I 


77 


Z“ 


є 


E Pau 


С ^7 à 


-- "JOOH2S 3A4VnQvelO1SOd  "WAVN 'S 'f) 





Wr: 
9331S SBIINIVLS ¢: ПМІУЗІУМ 


EJ 





TIN" 


= UN ГАС 
NVI AJYILNOW 





Өг 


JNn92-.w Q3ddvi сэзон зэзні M 
әл Н1930 3AOON9 [I 
33134VIl0 4 <злон NWY I 


П зом 





‚78 


а =. 
аа аа. —F = 


др Гаа “бра” ο — s£ 


we do ut T, xL 


A 


раб СЯ ч < ГРА 


TAN айс = 


шоб пери» ЮЛ Ще ЗО 


жыц. o. 








| 8 H3UVW 
P ГА где ммуза 
23315 безлмміс: УЗ ау 


Ἴ3Ννά 3916 
1079 "Ом'9Ма 
“уэ АЗУЗІМОМ 
боноє зіупдуч91504 ПУЛУМ ο Ὦ 





ΤΙ A Dû A e. 


вг-змп ег- м азау SIIOH ЭЗУні Ш 


οι οζ 


зму ні43а 3ΛΟΟΝΘΙ 
WVIG „%4 S3J10H TIN I 


79 


e 





tT HRV 8 
A 


σα :AQ NAWNMNQ > 
23315 SÅIINIWİS : WIJINW а а. Ен | τ 
соон @Z- 4NNAZ-.% азаамі SION L N » 
9024 'ON'9^Q "има ги сон ТУ І 
79119 A3S31NOM ë ; 
700925 3lvnoVg91S0d- 1VAVN “5 “П 









80 


"a. kz 





ра ар о OO За, mS TEE. T^ 


== 





14'/e 2'8 


πα 
‚ ар 


[501 . 
OIL PAN , TEST SECTION 


MATERIAL : STAINLESS STEEL 
SCALE : HALF, SIZE 
DRAWN BY: lam Аа 
19 РЕВ. 1966 


Ὁ “ 


й U.S. NAVAL. POSTGRADUATE SCHOOL 
6'h MONTEREY, CALIF. 
Г | DWG. NO. 
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APPENDIX 


GEAR DATA 


I 


The gears used in this machine were’ not designed by 


the author and were obtained by contract purchase. The 


dimensions and heat treatment specifications follow AGMA 


standards for precision gearing. The basic dimensions and 


other pertinent data for the four gears used is tabulated 


below. 


FACE WIDTH 
PITCH DIAMETER 
NUMBER OF TEETH 
NORMAL PRESSURE 


ANGLE 


HELIX ANGLE 
TRANSVERSE PRESSURE 


ANGLE 


TRANSVERSE PITCH 
BACKLASH WITH MATE 
OUTSIDE DIAMETER 


BASE CIRCLE DIAMETER 


NORMAL CIRCULAR 
TOOTH THICKNESS 


WHOLE -DEPTH 


DRIVE 
GEAR 


G705 
0.5625 
5.7795 
65 

20 


.003/.005 


5.9877 
5.9847 


5.4309 


0.1440 
0.1425 


0.2083 
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TEST 
GEAR 
070 
0.375 
297792 
65 
20 


о 


.003/ 005 


5.9877 
5.987 


5.1309 
0.1010 


0.1925 


0.2083 


HELICAL 
DRIVE 


G701 


!-, 000 
5.900 
68 
20° 


σας», 
20° 25 55" 


11.72413 
.003/.005 


5.9667 
5.9617 


5.1351 


0.1294 
0.1284 


0.1958 


HELICAL 
PINION 
G702 


2.000 
5.800 
68 
20° 


Тара зэ 
20° 25 55" 
11.72413 


.003/.005 


5.9667 
59617 


5.1351 


0.1294 
0.1284 


0.1958 


As a check on the maximum stress on the gear teeth the Lewis equa- 
tion is solved. The symbols defined below are used in the calculations. 


b Face width of the test gear. 
b = 0.375 in. 


F Maximum dynamic load. 
Fa - 1880 pounds. 


Ке Strength reduction factor. 
P Diametral pitch of test gear. 
d 

P. = 12 

d 
S Maximum stress on gear tooth. 
S Ultimate stress. 


Б s = 174 ksi for 9310 steel. /2/ 


Y Lewis form factor. 
Ү = 0.721 /2/ 


Solving the Lewis equation yields a stress of 





FPK 
— FaPáfg — (1880)(12)(1.4) | | 
S ^ by πο το ο S. 


Faires states that the fatigue strength may be taken as 60 + 0.25, ksi 
which would result in a value of 95 ksi for the gear material. From 
this it would appear that at higher speeds and thus higher dynamic loads 
that a wider faced test gear be used and thus stay below the endurance 
limit of the material. 


The drawings of the four gears are presented on the next four pages. 
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APPENDIX II 
OPERATION 


This on is provided as a guide for the safe 


operation of|the whole machine, It is not na that 


any testing 8 oceedures be included because чий аге too 


numerous 


and varied to list. 


I. STARTING PROCEDURE:: 


а. 
b. 


Ce 


de 


е. 


f. 


Be 


Пе 
і. 


Close lubrication system supply needle valves. 


Open lubrication system bypass valves fully. 


Start lubrication pumps to circulate fluid around 
the bypass loop. 


Set heater temperature controls to desired level 
and turn on heaters. 


When oil reaches the desired temperature set heat 
exchanger thermostats and turn on cooling water. 


Open lubrication supply needle valves and adjust 
flow to desired rate by monitoring the supply 
pressure indicators. 


Center the four way valve in the through position 
and close the supply needle valve in the hydraulic 
systen. 

Start hydraulic pump. 


Start main drive motor and check machine over to 
ensure proper operation. 


2. HYDRAULIC SYSTEM LOADING PROCEDURE: 


а. 
b. 


Ce 


Check to see that suppy valve is fully closed. 


Place selector valve in load position. 


Open supply valve and monitor strain indicator. 
CAUTION Do not open supply valve very much until 
positive load indication is observed. This is to 
prevent overloading the system with a sudden surge 
of pressure. 
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d. 


Ce 


3. UNLOADING 


а. 


b. 


Ce 


fonitor pressure indicator and strain indicator. 


Adjust supply valve until desired — is 
attained. 


PROCEDURE FOR HYDRAULIC SYSTEM: 


Place selector in bypass position and close 
supply valve. 


Place selector valve in unload position and 
open supply valve to complete unloading. 


Monitor strain indicator; when load is decreased 
to desired level place selector in the bypass 
position. 


lk. SHUTDOWN PROCEDURE: 


ae Unload hydraulic system. 


b. 
С. 
а. 


е. 


f. 


E 
h. 


Secure hydraulic pump, 
Secure pover to heaters. 
Secure power to drive motor. 


After the machine comes to a complete stop 
close the lubrication system supply valves. 


oecure power to the pumps. 
ohut off water supply to heat exchangers. 


Secure all remaining electrical power. 


Experience gained from operating the machine will un- 


doubtably alter these procedures but for the initial phase 


of operation 


safe running. 


these instructions will provide a guide for 


93 


INITIAL DISTRIBUTION LIST 


No. Copies 
Defense Documentation Center 20 
Cameron Station 
Alexandria, Virginia 22314 


Library 2 
U. S. Naval Postgraduate School 
Monterey, California 


Professor E. K. Gatcombe 1 
Mechanical Engineering Department 

U. S. Naval Postgraduate School 

Monterey, California 


Mr. C. Vernon Iverson 1 
Western Gear Corp., 
Lynwood, California 


LT H. J. Hansen, III, USN 1 
0.5.5. NEOSHO (А0-143) 
Z FPO 


New York, N. Y, 09501 


REAR ADM H. J. Hansen, USN 1 
1548 Irving Ave., 
Glendale, California 91201 


Department Files 1 
Department of Mechanical Engineering 

U. S. Naval Postgraduate School 

Monterey, California 


LT John A. Pethick, USN 1 
Соде 34 

U. S. Naval Postgraduate School 

Monterey, Calif. 


94 


Unclassified 
Security Classification 


DOCUMENT CONTROL DATA - R&D 


(Security ciaeceification of title, body of abetract and indexing annotation muet be entered when the overall report is claseified) 
1. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT A tet CLASSIFICATION 
U. S. Naval Postgraduate School Unclassified 


Monterey, Calif. 





3. REPORT TITLE | V 
Design of a Four Square Gear/Lubricant Research Instrument 


4. DESCRIPTIVE NOTES (Type of report and inclusive datee) 





$. AUTHOR(S) (Last name, first name, initial) 
HANSEN, Harry, J. III, LT, USN 









- TOTAL NO. OF PAGES 


7b. NO. OF REFS 
- 


Sa. CONTRACT OR GRANT NO. . ORIGINA TOR'S REPORT NUMBER(S) 


М.А. 





b. PROJECT NO. 


. OTHER prn NO(S) (Any other numbers that may be assigned 
ie repo 


М.А. 
10. AVAILABILITY/LIMITATION NOTICES 


te This document has been approved for publíc | 
Telease and sale; its distribution js unlimited. 
| e 
11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 
N.A. N.A. 


13. ABSTRACT 
The gear or lubricating oil test instrument described incorporates the four 

square principle in its design. This basic configuration is improved over like 
devices in that loading may be varied while the machine is in operation and 
rotating seals have not been used. The elimination of the need for these seals 
allows prolonged operation at high speeds. The machine will be capable of 
operation at 10,000 RPM however, the first phase of operation will call for a 
speed of 1800 RPM. The device has two separate and complete thermostatically 
controlled lubrication systems; this gives the option of testing lubricants in 
the main, as well as the test section. The test section is provided with an 
observation port which is easily removed to change or service the test gears. 
The rig as a whole was designed for reliability of operation and ease of mainten- 
ance. 





DD RE 1473 95 Unclassified 


Security Classification 


nclassified 
Security Classification 


"е KEY WORDS 


Four Square 


Lubricant Test Instrument 


Gear Test Instrument 


1. ORIGINATING ACTIVITY: Enter the name and address 
of the contractor, subcontractor, grantee, Department of De- 
fense activity or other organization (corporate author) issuing 
the report. 


28. REPORT SECUNTY CLASSIFICATION: Enter the over- 
all security classification of the report. Indicate whether 
“(Restricted Data'' is included. Marking is to be in accord 
ance with appropriate security regulations. 


25. GROUP: Automatic downgrading is specified in DoD Di- 
rective 5200. 10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 'às author- 
ized. 


3. REPORT TITLE: Enter the complete report title in all 

capital letters. Titles in all casea should be unclassified. 
If a meaningful title cannot be selected without classifica- 

tion, show title classification in all capitals in parenthesis 
immediately following the title. 


4. DESCRIPTIVE NOTES: If appropriate, enter the type of 
report, e.g., interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 


5. AUTHOR(S): Enter the name(s) of author(s) as shown on 
or inthe report. Enter last name, first name, middle initial. 
If military, show rank and branch of service. The name of 
the principal author is an absolute minimum requirement. 


6. REPORT DATE: Enter the date of the report as day, 
month, year; or month, year. If more than one date appears 
on the report, use date of publication. 


7a. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, i.e., enter the 
number of pages containing information. 


7b. NUMBER OF REFERENCES Enter the total number of 
references cited in the report. 


8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written, 


8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate 
military department identification, such as project number, 
subproject number, system numbers, task number, etc. 


9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi- 
cial report number by which the document will be identified 
and controlled by the originating activity. This number must 
be unique to this report. 


9b. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers (either by the originator 
or by the aponsor), also enter this number(s). 


10. AVAILABILITY/LIMITATION NOTICES: Enter any lim- 
itations on further dissemination of the report, other than those 


DD 1473 (BACK) 


FORM 
1 JAN 64 





WT 


раса by security classification, using standard statements 
such as: 


(1) 


LINK C 


INSTRUCTIONS 


**Qualified requesters may obtain copies of this 
report from DDC.'' 


"Foreign announcement and dissemination of this 
report by DDC is not authorized, '' 


“U. S. Government agencies may obtain copies of 
this report directly from DDC. Other qualified DDC 
users shall request through 


(2) 
(3) 


“U. S. military agencies may obtain copies of this 
report directly from DDC. Other qualified users 
shall request through 





(4) 


* A1] distribution of this report is controlled Qual- 
ified DDC users shall request through 





(5) 


If the report has been furnished to the Office of Technical 
Services, Department of Commerce, for sale to the public, indi- 
cate this fact and enter the price, if known, 


ll SUPPLEMENTARY NOTES: Use for additional explane- 
tory notes. 


12, SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project office or laboratory sponsoring (pay 
ing for) the research and development. Include address. 


13. ABSTRACT: Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 

it may also appear elsewhere in the body of the technical re- 
port. If additional space is required, a continuation sheet shall 
be attached. 


It is highly desirable that the abstract of classified reports 
be unclassified. Each paragraph of the abstract shall end with 
an indication of the military security classification of the in- 
formation in the paragraph, represented as (T$), (S), (C), or (U). 


There is no limitation on the length of the abstract. How- 
ever, the suggested length is from 150 to 225 words. 


14. KEY WORDS: Key words are technically meaningful terms 
or Short phrases that characterize a report and may be used as 
index entries for cataloging the report. Key words must be 
selected so that no security classification is required. Identi- 
fiers, such as equipment model designation, trade name, military 
project code name, geographic location, may be used as key 
words but will be followed by an indication of technical con- 
text. The assignment of links, rales, and weights is optional. 





1 


- 


Unclassified 


йе Security Classification 




















thesH20125 
The design of a four square gear/lubrica 


ДАМ 


3 2768 002 07645 7 
DUDLEY KNOX LIBRARY 





